Introduction {#Sec1}
============

Thermal injury due to burns induces irreversible changes to the structural components of the skin, causing its loss of functionality to protect the body against external mechanical, physical, chemical and biological factors^[@CR1]^. Such changes manifest themselves at the continuum level as changes of various material properties, *i.e*. mechanical, thermal, electrical and optical properties *etc*., which can then be utilized to assess burn degrees and monitor wound healing process^[@CR2],[@CR3]^. It is reported that burns cause softening of the skin, which allows discrimination between unburnt and burnt tissues^[@CR4]^. A detailed understanding of the underlying mechanisms that induce such changes in mechanical properties can improve burn diagnosis and treatments processes.

Collagens are key constituents of mammalian skin, contributing to approximately 75--90% of the dry weight of the dermis layer^[@CR5],[@CR6]^. They provide strength to the skin and determine its mechanical responses in the large deformation regime^[@CR6]--[@CR8]^. Hence, investigating the mechanism of burn-induced changes that affect the mechanical properties requires studying associated changes in the collagen structures. It is reported in the literature that collagen fibers undergo denaturation upon heating as they shrink from a native triple helix structure to a more random (coiled) structure, as a result of unfolding and aggregations of protein molecules^[@CR9]--[@CR12]^. Thus far, most of the collagen heating studies are limited to the examination of water-soluble collagens, and few studies have examined the structural changes of collagens in burnt skin tissues, especially for those resulted from high temperature burns (\>100 °C)^[@CR9],[@CR13]--[@CR15]^. In this work, we use Raman spectroscopy to examine the conformational changes of collagens in *ex vivo* porcine skin tissue under four different burn conditions (i) 200 °F for 10 s, (ii) 200 °F for 30 s, (iii) 450 °F for 10 s and (iv) 450 °F for 30 s, which are shown to correlate with different burn degrees^[@CR4]^.

Raman spectroscopy is a non-destructive method for investigation of structural information of materials. It relies on the principle of Raman scattering, where a small fraction (\~1 in 10^7^) of the photons are scattered inelastically by an excitation, with the scattered photons undergoing wavelength shifts. The shifts provide a unique characterization of the chemical structure of the specific material, comparable to a molecular fingerprint^[@CR16]^. Due to its non-invasive nature, it has been increasingly applied for analyzing biological tissues. For skin tissue, Raman spectroscopy has been used to detect skin cancer^[@CR17]^, investigate the strain-induced protein molecular changes^[@CR7]^, identify the dermo-epidermal junctions^[@CR6]^, measure physiological skin parameters of *in vivo* human volar forearm skin including cholesterol, urea, and water^[@CR18]^, and examine the difference of components such as water, lipids and natural moisturizing factors (NMF) from skin across different body sites^[@CR5],[@CR19]^, *etc*. Recently, Zhai *et al*.^[@CR20]^ examined the effect between steam burns and dry burns on *ex vivo* porcine ear skin tissues using Raman spectroscopy. Their work, however, focuses mostly on the analysis of the water content in skin which leads to the changes in skin permeability, rather than analyzing the burn-induced collagen structural changes. Rangaraju *et al*.^[@CR21]^ used Raman spectroscopy in conjunction with OCT to classify burn degrees. Pielesz *et al*.^[@CR22]^ applied Raman spectroscopy to examine the structural changes of collagen in reaction to L-ascorbic acid (LA) during the burn wound healing process in order to evaluate the therapeutic effect of LA. These works, though related to Raman spectroscopy and skin burn research, did not focus on analyzing burn-induced collagen structural changes, and thus is different from the scope of this study.

The paper is organized as follows. First, we present the methodology aspects of the study, including the sample preparation, experimental protocols and data processing in Section 2. Then, we present our results in Section 3, followed by discussion in Section 4. Conclusions and future work are presented in Section 5.

Materials and Methods {#Sec2}
=====================

In this section, we present the methodology aspects of the study. Section 2.1 reports the sample preparation process. The Raman spectroscopy device is briefly described in Section 2.2. The data processing detail is discussed in Section 2.3. The statistical analysis techniques are presented in Section 2.4.

Sample preparation {#Sec3}
------------------

Fresh porcine abdominal skin and subcutaneous tissues were locally sourced, stored in sealed plastic bags within a plastic container along with ice cooling pad to ensure freshness, and transported to the lab within the same day of experimentation. The skin was then separated from the underlying muscles using scalpels. Prior to the experiments, the samples were washed with distilled water to ensure minimum contamination from other chemicals.

Biopsy punches with 7 mm diameters were used to harvest the test samples from the skin specimens. The unburnt tissue samples were directly punched out from pieces of skin before burning. For the burnt tissue samples, the pieces of skin were first burnt on a commercial griller (Cuisinart® GR-300WS Griddler Elite Grill, Conair Corporation, NJ)^[@CR4]^ at the desired temperature for the desired duration, then removed from the heat source and cooled down to room temperature. The burnt tissue samples were then punched out from pieces of burnt skin. All the samples were stored in air-tight glass containers, labeled by their corresponding burn groups, to minimize air exposure, which can cause degradation of the tissue before the Raman testing. For each burn group, we prepared about 20 samples based on literature^[@CR21]^.

The four burn conditions: (i) 200 °F for 10 s, (ii) 200 °F for 30 s, (iii) 450 °F for 10 s and (iv) 450 °F for 30 s, were chosen based on literature indicating that they may result in second (partial thickness) and third degree (full thickness) burns in *in vivo* porcine tissue^[@CR23]--[@CR25]^. Specifically, burning at 200 °F for 10 s can create superficial second degree burns^[@CR24]^, while burning at 450 °F for 30 s could lead to third degree burns^[@CR25]^. Burning at 200 °F for 30 s and 450 °F for 10 s are estimated to result in second to third degree burns based on interpolations from plots and experimental data reported in literature^[@CR2],[@CR4],[@CR18],[@CR21]^. An estimation of energy uptake of the tissues from these burn conditions is provided based on the analytical solution of 1D heat transfer equation (Supplementary Information). Calculation shows that the energy uptake of the tissues increases monotonically from group (i) to group (iv). In addition, group (ii) 200 °F for 30 s, and (iii) 450 °F for 10 s have similar amount of heat generation in comparison with other groups.

Raman spectroscopy {#Sec4}
------------------

Raman spectra were measured with a Renishaw confocal Raman spectroscope (Renishaw plc. UK). A 785 nm laser (diode type) with an output of 200 mW was used as the excitation source. The wavenumber was calibrated with silicone before each test. Raman spectra were collected at multiple locations for each sample with an integration time of 10 s and 3 accumulations. Spectra with high cosmic noise were discarded before analysis. In the end, we obtained in total 102 spectra (*N*~*unburnt*~ = 23, *N*~200*F*10*s*~ = 18, *N*~200*F*30*s*~ = 20, *N*~450*F*10*s*~ = 20, *N*~45*F*30*s*~ = 21) for analysis. Spectra were then processed with background subtraction, normalization, and deconvolution, which will be described in the following sections.

Data processing {#Sec5}
---------------

### Background subtraction and normalization {#Sec6}

The Raman spectrum of skin usually contains background signals due to skin fluorescence^[@CR16]^. Though near-infrared excitation (785 nm) is applied in order to minimize the background, it is still necessary to remove the background through signal processing, since the background signal will largely affect the subsequent classification accuracy^[@CR17]^. To subtract the background, a polynomial fit with an asymmetric truncated quadratic function as the cost function was performed for all the spectra^[@CR26]^.

After background subtraction, normalization was performed to bring all the spectra to the same interpretable scale. Vector normalization is one of the most common methods^[@CR27]^, where all the spectra are normalized with respect to their magnitude. Specifically, if the Raman shift is stored in a vector, ***s*** = \[*s*~1~, *s*~2~, *s*~3~, ..., *s*~*N*~\] for a single spectrum, where *N* is the number of data points, vector normalization is performed as$$\documentclass[12pt]{minimal}
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### Deconvolution {#Sec7}

Deconvolution was performed with the commercial software Origin (OriginLab). This involves decomposition of a band into multiple sub-bands in order to analyze the contribution from each component^[@CR12]^. The target in this study is the amide I region (1580--1720 cm^−1^) as it is commonly used for analysis of protein secondary structure^[@CR1]^. The sub-band positions and numbers were chosen based on reported values in the literature^[@CR1],[@CR7]^. Here, we used 10 sub-bands for the fitting with initial positions of 1605, 1616, 1625, 1633, 1644, 1653, 1662, 1677, 1685, 1693 cm^−1^. The shape of each band was approximated by a Lorentz function. The goodness of the fit is evaluated with adjusted *R*^2^ values, which is calculated as,$$\documentclass[12pt]{minimal}
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Results {#Sec8}
=======

Raman spectra for all the burn groups {#Sec9}
-------------------------------------

The mean Raman spectra of 5 groups (unburnt + 4 burn groups) are presented in Fig. [1](#Fig1){ref-type="fig"}. Major bands and their assignments are also indicated. Detailed band assignments are listed and explained in Table [1](#Tab1){ref-type="table"}. From Fig. [1](#Fig1){ref-type="fig"}, we can broadly identify four major regions (wavenumber from high to low): \~1590--1710, \~1420--1490, \~1220--1350, and \~800--1030 cm^−1^. These regions contain major characteristic bands in the skin, dominated by different vibrational spectra. Region 1 is dominated by the amide I band, contributed mainly by the vibrations of C=O stretching^[@CR7],[@CR12]^. It is associated with the amide vibrations of the polypeptide chains, which lead to the formation of proteins (collagens). The amide I band is most commonly used for the analysis of secondary structure of proteins to which they are highly sensitive^[@CR12]^. Region 2 is dominated by the vibrations of CH~2~ bending, which are associated with components such as proteins and lipids. Regions 3 is dominated by the amide III bands, which are also characteristic bands associated with polypeptide chains, and are mainly associated with vibrations of C--N stretching and N--H bending^[@CR7],[@CR12]^. Unlike the amide I band, amide III bands are not suitable for analysis of secondary structures they are affected by side-chain structures, and thus are overlapped by other bands^[@CR1],[@CR12]^. Region 4 is dominated by *ν*(C--C) vibrations and are mainly assigned to amino acids such as proline, hydroxyproline, tyrosine and tryptophan^[@CR29]^. It can be seen that spectra of the skin are dominated by vibrational spectra from proteins, lipids and amino acids^[@CR7]^. In order to study the burn-induced molecular structures of collagens, we focus our attention on amino acid and protein related bands.Figure 1Mean Raman spectra of *ex vivo* porcine skin (unburnt and burnt with different burnt severities). Major band assignments are indicated. Abbreviations: *ν*, stretching mode; *δ*, in-plane bending mode.Table 1Major band assignments in *ex vivo* porcine skin Raman spectra.Band positions (cm^−1^)AssignmentsStructureReference values (cm^−1^)813*ν*(C--C)*ν*(C--O--C)Protein backbone, collagen cross-link, proline, hydroxyproline, tyrosine813--817^[@CR6],[@CR7],[@CR29]^853*ν*(C--C)Proline, hydroxyproline, tyrosine853--856^[@CR6],[@CR7],[@CR29]^873*ν*(C--C)Hydroxyproline, tryptophan, protein873--879^[@CR6],[@CR7],[@CR29]^919*ν*(C--C)Proline919--920^[@CR6],[@CR7],[@CR29]^937*ν*(C--C)Protein (collagen), α-helix, proline, hydroxyproline933--938^[@CR6],[@CR7],[@CR29]^1002*ν*(C--C)Phenylalanine (collagen), protein1000--1005^[@CR6],[@CR7],[@CR29]^1030*ν*(C--C), δ(C--H), *ν*(C--N), δ(CH~2~CH~3~)Phenylalanine (collagen), lipids, proteins1030--1034^[@CR6],[@CR29]^1247*ν*(C--N), δ(N--H)Amide III, proteins1242--1255^[@CR7],[@CR29]^1270*ν*(C--N), δ(N--H)Amide III (collagen), α-helix1270--1280^[@CR7],[@CR29],[@CR38]^1317δ(CH~3~CH~2~)Collagen, nuclei acids1322^[@CR29]^1342δ(C--H), δ(CH~3~CH~2~)Collagen, protein, lipids1330--1340^[@CR7],[@CR29]^1448δ(CH~2~), δ(CH~2~CH~3~)Collagen, protein, lipids1440--1450^[@CR7],[@CR29]^1662*ν*(C=O), *ν*(C=C), *ν*(C--N), δ(N--H)Amide I (collagen)1650--1676^[@CR7],[@CR29]^Abbreviations: ν, stretching mode; δ, in-plane bending mode.

Burn-induced spectral changes {#Sec10}
-----------------------------

Both position and intensity changes are observed in certain bands of the spectra. As shown in Fig. [1](#Fig1){ref-type="fig"}, position shifts happen in bands 1448 and 1342 cm^−1^ in the amide III region. Such changes of these two bands are plotted in Fig. [2](#Fig2){ref-type="fig"}. The intensity changes are observed in bands 853, 873, 937, 1317, 1448, and 1662 cm^−1^, and are plotted in Fig. [3](#Fig3){ref-type="fig"}. For each neighboring pair of burn groups (*i.e*. Unburnt vs. 200 °F10s, 200 °F10s vs. 200 °F30s, ..., *etc*.), as well as the Unburnt vs. 450 °F30s group, two sample t tests are performed to evaluate the statistical significance of the change (H~0~: *μ*~A~ = *μ*~*B*~, H~a~: *μ*~A~ ≠ *μ*~*B*~, where *μ* indicates the mean value of data, and *A*, *B* are two different burn group). *p* values are reported for those that are statistical significant.Figure 2Burn-induced band position changes. (**a**) Band 1448 cm^−1^ (**b**) Band 1342 cm^−1^. Values are presented as mean ± 95% confidence interval. *p* values are reported for those pairs of groups that show statistical significance.Figure 3Burn-induced band intensity changes. (**a**) Band 853 cm^−1^, (**b**) Band 873 cm^−1^, (**c**) Band 937 cm^−1^, (**d**) Band 1317 cm^−1^, (**e**) Band 1448 cm^−1^, (**f**) Band 1662 cm^−1^. Values are presented as mean ± 95% confidence interval. *p* values are reported for those pairs of groups that show statistical significance.

From Fig. [2](#Fig2){ref-type="fig"} we can see that with increasing burn severity, there is a gradual shift towards higher wavenumbers for the 1448 cm^−1^ band, and a shift towards lower wavenumbers for the 1342 cm^−1^ band. Band 1448 cm^−1^ attributes mainly to the assignment of CH~2~ bending associated with lipids and proteins, while band 1342 cm^−1^ attributes mainly to the assignment of C-H bending within the amide III bands, which are associated not only with proteins, but also other possible side chains. Their shift is consistent with results reported in this prior work (Olsztyńska-Janus *et al*.)^[@CR1]^, which can be an indication of structural changes in lipids and proteins. The position changes in band 1448 cm^−1^ is confirmed by the two sample t tests, which indicates that there is a significant change between the two end groups (Unburnt vs. 450 °F30s), and three out of four changes of the in-between groups is also significant. The comparison between the last two groups (450 °F10s vs. 450 °F30s) does not show significant changes in band 1448 cm^−1^ position, which may indicate possible plateauing of the change. For the band 1342 cm^−1^, though there is no statistically significant changes between the two end groups, a marginally significant *p* value (*p* = 0.0584) exists for the 200 °F10s vs. 450 °F30s groups. Considering the results reported in the prior work (Olsztyńska-Janus *et al*.)^[@CR1]^, such change in amide III region is worth noticing and worth examining with further increasing burn severities.

From Fig. [3](#Fig3){ref-type="fig"}, we can see that three of the bands (band 853, 873 and 937 cm^−1^) present a decreasing trend in intensities. Specifically, the intensities of band 853 and 873 cm^−1^ decrease monotonously with increasing burn severities, which is also confirmed by the statistically significant changes between the two end groups (Unburnt vs. 450 °F30s) and in-between groups (200 °F30s vs. 450 °F10s). They correspond to the C--C stretching associated with amino acids, indicating possible changes in the amount of proline/hydroxyproline residues. Band 937 cm^−1^ shows a decreasing trend of intensity in the first three groups, and then stays constant with minor fluctuation, as the burn severity increases, which is again confirmed by the statistically significant changes between the two end groups (Unburnt vs. 450 °F30s) and in-between groups (200 °F10s vs. 450 °F30s), as well as the non-significant *p* values of the last three groups. This is associated with the C--C stretching of the backbone formed by Gly-X-Y sequence^[@CR30]^. The changes in bands 1317, 1448 and 1662 cm^−1^ are nonmonotonic. Band 1317 cm^−1^ first shows a significant increase in intensity for the 200 °F10s vs. 200 °F30s groups, then decreases back to nearly the original values, resulting in a non-significant change between the two end groups. Since it is associated with the amide III mode, this change may indicate the combined effect of multiple structural changes from the side chains. Band 1448 cm^−1^ shows significant decreases for Unburnt vs. 200 °F10s, and 450 °F10s vs. 450 °F30s as well as the two end groups, with a slight increase in between, which can be related to the structural changes in lipids^[@CR1]^. Band 1662 cm^−1^ shows significant decrease for 450 °F10s vs. 450 °F30s group and the two end groups, with an increase in the between groups. It corresponds to the amid I mode and may indicate a combined effect from changes of protein secondary structure. In the next section, we will examine the amide I band in detail using deconvolution. It is worth mentioning that, based on the energy uptake estimation provided in Supplementary Information, 200 °F30s and 450 °F10s produce similar amount of heat, which may result in similar level of structural changes of skin components, reflected as the similar change in position of band 1342 cm^−1^, and in intensity of band 937 and 1448 cm^−1^.

Deconvolution of the amide I band {#Sec11}
---------------------------------

As is mentioned in the previous section, the amide I band (\~1662 cm^−1^) is most commonly used for analysis of protein secondary structures. The secondary structures of skin collagen are mainly α-like helices, β-sheets, β-turns and random coils (disordered)^[@CR31],[@CR32]^. They are closely related to the formation of collagens (type I and type IV) in the skin. Here, we analyze the secondary structure of skin collagens by deconvolution of the amide I band.

The sub-band number and locations are chosen based on those reported in the literature^[@CR1],[@CR7]^. Table [2](#Tab2){ref-type="table"} lists the sub-bands in unburnt tissue obtained from this work and those reported in the literature. The deconvolution results are shown in Fig. [4](#Fig4){ref-type="fig"}. The sub-band positions and assignments of the unburnt tissue are consistent with data from the literature. The adjusted *R*^2^ value are 0.99 for all the deconvolutions, indicating good fit.Table 2Sub-band positions and assignments for the amide I region for the unburnt skin tissue.Sub-band positions for amide I (cm^−1^)Secondary structureReference values1617β-sheets1618^[@CR1]^1625β-sheets1624, 1628^[@CR1],[@CR7]^1633β-sheets1630^[@CR1]^1644Water, disordered structure1640--1645^[@CR1],[@CR7]^1659α-like helix1657--1660^[@CR32]^1669β-turns1664, 1669^[@CR1]^1677β-sheets and turns, disordered structure1676^[@CR7]^1685β-sheets and turns,1680, 1686^[@CR7],[@CR31],[@CR39]^Figure 4Deconvolution of the amide I region of the Raman spectra of *ex vivo* porcine skin. (**a**) Unburnt skin, (**b**) Skin burnt at 200 °F for 10s, (**c**) Skin burnt at 200 °F for 30 s, (**d**) Skin burnt at 450 °F for 10 s, (**e**) Skin burnt at 450 °F for 30 s. The percentage of area under each curve is shown in bracket. Abbreviations: α -- α-like helix, β -- β sheets and β turns, dis -- disordered structures, w -- free and hydrogen bonded water, aa -- amino acids.*R*^2^~*adj*~ = 0.99 for all the cases, indicating good fit, and the fitting curves are presented along with the data curve for visualization of the fitted results.

The deconvolutions of spectra for burnt tissue show changes in sub-band positions, intensities and areas under curves (Fig. [4(b--e)](#Fig4){ref-type="fig"}). Some of these changes can be correlated with the burn severities. Here we focus on the α-like helix band (1659 cm^−1^), the β-turns band (1669 cm^−1^), the water and disordered structure band (1644 cm^−1^), and the β-sheets band (1633 cm^−1^). The α-like helix band (1659 cm^−1^) splits into two bands (1653 and 1661 cm^−1^) in the 200 °F10s group, and the overall area under the curves decreases compared to the unburnt stage. In the 200 °F30s group, its position shifts to 1656 cm^−1^ and its area under the curve also decreases. In the 450 °F10s group, when compared with the unburnt stage, the position of the α-helix band does not change much, while its area under the curve decreases. In the 450 °F30s group, the α-helix band shifts largely towards the lower wavenumber (1650 cm^−1^), accompanied by a decreased area under the curve. The β-turns band (1669 cm^−1^) does not change positions for all the burn groups, and a new band (1663 cm^−1^) appears in groups 200 °F30s and 450 °F30s. The water band (1644 cm^−1^) changes its position to 1646 cm^−1^ in group 200 °F10s, 200 °F30s, and 450 °F10s, and disappears in group 450 °F30s. Its area under the curve in general decreases, with a slight increase in group 450 °F10s. The β-sheets band (1633 cm^−1^) has varying band positions for different burn groups. Its area under the curve remains mostly the same for groups 200 °F10s and 450 °F10s while increasing for groups 200 °F30s and 450 °F30s. These changes will be discussed in detail in the discussion section.

Discussion {#Sec12}
==========

Burn-induced structural component changes in *ex vivo* porcine skin tissue {#Sec13}
--------------------------------------------------------------------------

As shown in Sections 3.1 and 3.2, the Raman spectra of skin are dominated by vibrational spectra of proteins, lipids, and amino acids, and burn-induced structural changes of these components are reflected as changes in positions and intensities of certain bands. A gradual shift towards higher wavenumber is observed for band 1448 cm^−1^, which is consistent with the literature^[@CR1]^. A decrease in intensity is also observed for this band. Since this band is associated with CH~2~ bending mode for lipids and proteins, the decrease of intensity can be interpreted as a lowering of the concentration of lipids and/or proteins^[@CR33]^, resulting from the reduction of CH~2~ groups due to burning. A gradual shift towards lower wavenumber is observed for band 1342 cm^−1^, which is associated with the C--H bending mode. This shift can be viewed as a change of secondary structures from α-helices to disordered structures, as the α-helix is represented by 1300--1340 cm^−1^ whilst the disordered structures are represented by 1260 cm^−1^ in amide III bands^[@CR31]^. Hence, an increased thermal injury may be related to the destruction of certain lipid/protein related groups, and the transformation of the secondary structures of proteins to disordered ones.

The decreasing intensities of 853, 873 and 937 cm^−1^ indicates a decrease in the proline/hydroxyproline residues. This can be an indication of a reduction in polypeptide chains in tropocollagen as individual polypeptide chains possess an (X-Y-Gly)~n~ pattern, where X and Y are frequently occupied by proline and hydroxyproline, respectively^[@CR34]^. These amino acids also play important roles in forming stabilizing interactions between tropocollagens by establishing networks of hydrogen bonds with water^[@CR35]^. Hence they allow tropocollagens to present stable triple-helical conformations. Tropocollagens are further associated with each other by crosslinks to form collagens (type I and type IV in skin)^[@CR6]^, thus the instability of tropocollagens resulting from reduction of such amino acids can lead to the instability of collagens. The hydroxyproline also increases the thermal stability of collagens^[@CR36]^, rendering them more resistant to unfolding upon heating^[@CR37]^. Burning causes a reduction of proline/hydroxyproline in the skin, which can lead to loose triple-helical structures of tropocollagens and less thermally stable collagens. It is worth noting that unlike band 853 and 873 cm^−1^ who present a monotonic decreasing trend, band 937 cm^−1^ shows a significant decrease in the 200 °F30s group, and stays plateau as the burn severity increases. While the similar responses in the 200 °F30s group and the 450 °F10s group can be understood as a result of similar energy uptake of the tissue (see Supplementary Information for details), the "450 °F10s to 450 °F30s" plateau indicates an inert response to further increasing burn severities. One possible explanation for this may be that some of the collagen has undergone denaturation and become gelatin, which is an end product of thermally denatured collagens^[@CR13]^. Thus, the structural changes reflected by band 937 cm^−1^ which is associated with the C-C stretch mode of the X-Y-Gly backbone^[@CR6]^ become stable and less prone to abrupt changes due to the fact that collagen has been denatured^[@CR13]^. However, this conjecture requires further experimentation, which is left as future work.

To summarize, the changes of positions and intensities of certain bands in the skin Raman spectra reveal that burning leads to more disordered, less stable conformations of collagens, as a result of the destruction of protein-related functional groups and amino acids.

Burn-induced secondary structure changes in skin collagens {#Sec14}
----------------------------------------------------------

The deconvolution of amide I region of the spectra provides insight into the changes of collagen secondary structures. In the unburnt tissue, the amide I band is dominated by the α-like helix, which takes up 26.28% of the total area. The α-helical structures provide strength to the collagen. With an increase in burn severity, the α-like helix band shifts towards lower wavenumbers, indicating denaturation of collagens^[@CR1],[@CR31]^. The reduction in areas under the curves indicates a decreased amount of α-like helices. Instead, an increase in the number of β-turns and sheets (1663 and 1669, 1633 cm^−1^) is observed in burn groups. In the most severe burn group (450 °F30s), the β-turns (1663 cm^−1^) become the dominating structures. The reduction of α-like helices and the increase of β-turns and sheets demonstrate the unfolding of polypeptide chains and the formation of β-aggregates upon heating, which usually accompanies the denaturation process^[@CR1],[@CR12]^. In general, the β structures provide flexibilities to the collagen molecules, which may explain the softening responses observed in burnt skin tissues^[@CR4]^. The shifting and reduction of water band dominated by the --OH bending (1644 cm^−1^) are an indication of a weakening of hydrogen bonds^[@CR1]^. The hydrogen bonds between water and hydroxyprolines are essential to the stabilizing interaction that ensures the triple-helical conformation of tropocollagens^[@CR6]^, a reduction of which can lead to less thermally stability of collagens. By analyzing the changes in collagen secondary structures, we can see that burning leads to more disordered and less stable structures of collagens.

Conclusion {#Sec15}
==========

In this work, we study the burn-induced conformational changes of collagens using Raman spectroscopy. Controlled burning experiments on fresh *ex vivo* porcine skin tissue were performed under four different burning conditions, and the Raman spectra from all the burn groups as well as the unburnt condition were collected. Analysis of the changes in positions and intensities of the protein and amino acids-related bands reveals that collagens in skin transform to more disordered and less thermally stable structures upon burning, that may be less resistant to unfolding. Deconvolution of the amide I region and the corresponding analysis of collagen secondary structures show transitions of α-helices to the β-aggregates and weakening of hydrogen bonds due to thermal injury, which lead to more disordered and less stable structures of collagens in the skin. Such conformational changes may explain the softening responses observed in burnt skin tissues reported in^[@CR4]^. As future work, *in vivo* studies are planned in order to capture the more complex dynamic changes that occur to the cellular and parenchymal elements of skin post-burn.
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